In this work, a simple flow injection system incorporating a microcolumn of immobilized dithizone on bentonite coated with cetyltrimethylammonium bromide was combined with flame atomic absorption spectrometry (FAAS) for on-line separation/preconcentration and determination of trace amounts of silver in water. Dithizone was physically immobilized on the surfactant coated bentonite particles and was used as the adsorbent in the preparation of microcolumn. Silver ions were deposited by processing a standard or sample solution of analyte in the pH range of 3-9 through the microcolumn. Injection of 250 µL of thiourea (0.4 mol L −1 , pH = 5.0) served to elute the retained species to the FAAS. The capacity of the adsorbent under working conditions was found to be 7.2 mg of silver per gram of adsorbent. Processing a water sample volume of 30 mL resulted in an enrichment factor of 116. The method was successfully applied to the determination of silver in different natural waters and a certified reference material.
INTRODUCTION
ILVER is a rare but naturally occurring metal that is often found deposited as a mineral ore in association with other elements. Silver enters into the environment through anthropogenic activities such as those related to the electrical, chemical, and jewelry industries. [1−3] The concentration of silver in rivers, lakes, and estuaries are about 0.01 µg L −1 for pristine waters in unpolluted areas and 0.01−0.10 µg L −1 in waters in urban and industrialized areas. [4] Silver may pose a potential risk as a water pollutant because of the lack of recycling of mined silver. [5] Thus, it is important to assess whether trace amounts of silver are present in water samples.
Flame atomic absorption spectrometry (FAAS) is commonly chosen technique for metal determination because of its advantages in terms of accuracy, precision, ease of operation and speed. [6] However, due to FAAS's disadvantages of low sensitivity and matrix interferences, direct determination of trace levels of silver in environmental samples is not always possible. Thus, for the determination of silver present in water samples at microgram per liter concentration levels, a separation/preconcentration step is required. Among the different techniques used for preconcentration and determination of silver, [7−12] a combination of solid-phase extraction (SPE) and flow injection (FI) in on-line systems has attracted increasing attention because of its high precision, low consumption of samples and reagents, minimal waste production, and high sampling rate. [13−18] Choosing the proper adsorbent material for SPE is crucial. In the search for a new adsorbent, the main goals should be enhancement of selectivity, improvement of the capacity and thermal, chemical, and mechanical stability of the adsorbent. [19] Some bentonite (Bt) clays that are rich in montmorillonite (Mt) are soft. Mt is an extremely soft clay mineral that typically forms microscopic crystals. The primary layer of Mt is composed of two tetrahedral silica and an octahedral central alumina layers. Isomorphic substitution (for example, Al 3+ instead of Si 4+ in the tetrahedral layer and Mg 2+ instead of Al 3+ in the octahedral layer) creates a net negative charge that is delocalized on the clay mineral layers. These negative charges are neutralized by exchangeable cations in the interlayer such as H + , Na + , K + , Mg 2+ , and Ca 2+ . The cations are strongly hydrated in the presence of water giving a hydrophilic character to the clay mineral surface. Furthermore, as the clay and clay minerals have primary particles with at least one dimension in the nanometer scale, they can be regarded as nanomaterial of geological and pedological origin. [20, 21] Due to their highly specific surface area, high cationic exchange capacity (CEC), and high abundance and resulting low price, clay minerals can be used as effective, environmentally friendly adsorbents for metal ions. The adsorption capacity and character of the clay minerals have been modified by treatment with sulfuric acid [22] and humic acid, [23] as well as by immobilization of anionic [24] and cationic [25, 26] surfactants. Replacement of natural exchangeable cations with cationic surfactant makes the clay mineral surface more hydrophobic. [27] Furthermore, the intercalation of cationic surfactant greatly increases the basal spacing of the layers. [28] Zhang and Zhang [29] reported a direct modification of Bt with dithizone and used it for batch extraction of silver ions from water. To the best of our knowledge, bentonite modified with an organic ligand has not yet been employed as the adsorbent for the preparation of a microcolumn in an on-line FI-FAAS system.
In this study, the possibility of trapping an organic ligand on surfactant-modified Bt was considered, and dithizone was successfully trapped on the bentonite modified with cetyltrimethylammonium bromide (CTAB). The adsorbent was then used as the packing material for the microcolumn preconcentration of trace amounts of silver from water in the on-line FI-FAAS system.
EXPERIMENTAL

Materials
Bt was obtained from Kheyr Abad bentonite mine near the Kerman city, Iran. The chemical composition of used Bt, determined by X-ray fluorescence (XRF) technique, is shown in Table 1 . The certified reference material BCR-288 (Lead with added impurities) was supplied by Institute for Reference Materials and Measurements (Geel, Belgium). All chemicals were of highest purity available from Merck (Darmstadt, Germany) and were used as received. Deionized water was used throughout the experiments.
Apparatus
An Analytik Jena novAA 300 (model 330, Germany) atomic absorption spectrometer equipped with a silver hollow cathode lamp and air acetylene flame was used for all absorption measurements. The hollow cathode lamp current was 4.0 mA, the wavelength was set at 328.1 nm (the resonance line of silver) and the slit width was 1.2 nm. The flow injection system used were as previously described, [6, 17] and consisted of a peristaltic pump (Ismatic, MS-REGLO/8-100, Switzerland), a rotary injection valve (Rheodyne, CA, USA), and a microcolumn (PTFE tube 3 cm × 4 mm id) of dithizone immobilized on surfactant-coated Bt. The schematic diagram of flow injection system used is provided in Figure 1 .
The X-ray diffraction (XRD) analysis was performed on a Bruker AXS D8 Advance diffractometer using CuKα radiation source generated at 40 KV and 30 mA. The data were collected at room temperature (25 °C) over the 2θ range of 2−90°. The XRF analysis was performed on the ARL ADVANT'X spectrometer manufactured by Thermo Fisher Scientific Inc. The Fourier Transform Infrared (FT-IR) spectra were recorded on a Bruker FT-IR Equinax-55 spectrometer (Bruker Co.) with the KBr pellets.
Preparation of Standard Solutions
The stock solution of silver (1000 µg mL −1 ) was prepared by dissolving an appropriate mass of AgNO3 (Merck) in water and diluting to the mark in a 100 mL volumetric flask. Working solutions were prepared daily from the stock solution by appropriate dilution with deionized water. The stock solution was wrapped in aluminum foil and kept in cold, dark, and dry place. 
Preparation of the Adsorbent
Fifty milliliters of an aqueous solution containing 100 mg CTAB was added to 1.5 g of Bt and the mixture was stirred with a magnetic stirrer for 5 minutes. Then, 0.2 g of dithizone dissolved in 10 mL of 20 % ammonia solution was slowly added and the mixture was stirred for 15 minutes. This mixture was then filtered through a Millipore filter, using a vacuum pump and the solid product was washed several times with deionized water. Finally, it was air-dried and kept in a closed bottle before use. The color of the prepared adsorbent was dark brown. The adsorbent was stable for several weeks and it was used for preparation of the microcolumn.
Preparation of the Microcolumn
The microcolumn was prepared by filling a PTFE (Teflon) tube (3 cm in length, internal diameter of 4 mm) with dithizone immobilized on surfactant-coated Bt (≈150 mg). The end of the tube was fitted with glass wool to keep the adsorbent in the tube.
Procedure
The flow injection manifolds were connected directly to the nebulizer inlet tubing. A single-line ( Figure 1a ) system was used to study the analyte breakthrough and in the initial method development experiments. The two-line FI manifold (Figure 1b and 1c ) was used to process the real samples and to obtain the performance data. The carrier was water and the eluent was an aqueous solution of thiourea (0.4 mol L −1 , pH = 5). The microcolumn was located in the sample loop of the injection valve so that the sampling could be performed "off-line" to prevent the matrix constituents from entering the FAAS. At the end of the sampling, the valve was switched to "on-line" and the analyte was eluted by injection of the eluent using a second valve.
The pH of the silver standard and sample solutions was adjusted to 3.0 by the addition of diluted nitric acid. With reference to the FI manifold, standard or sample solutions were passed through the microcolumn (30 mL at a flow rate of 3 mL min −1 ) to retain the analyte. The retained silver was then eluted by injection of 250 µL of eluent solution and transported to the flame atomic absorption spectrometer for quantification. In the two-line FI system (Figure 1c) , prior to the injection of eluent, the injection valve was switched to bring the microcolumn on-line. The transient signals were monitored for quantitative analysis.
Analysis of Water Samples
Water samples were filtered through the 0.45 µm Millipore filter. The pH of a 30 mL water sample was adjusted to ∼ 3 and the analyte was determined according to the described procedure.
Preparation of Certified Reference Material BCR-288 for Analysis of Silver
An exact amount 0.0492 g of the certified reference material was dissolved in 10 mL of concentrated nitric acid. The solution was heated to near dryness, and the procedure was repeated several times until the sample was completely digested. Then, 25 mL of water was added, the solution was filtered, diluted to 500 mL in a volumetric flask, and triplicate 30 mL aliquots were treated according to the developed procedure.
RESULTS AND DISCUSSION
The clay mineral was dried at 110 °C in an air oven for 12 hours and its chemical composition was determined by XRF technique ( Table 1) . The results indicated the presence of high amount of Mt. The cation exchange capacity of the Bt determined by ethylenediamine method [30] was 0.80 meq g −1 and by methylene blue method [31] 0.72 meq g −1 . Its swelling index was found to be 24 mL/2 g. The basal spacing d001-value calculated from XRD pattern of clay mineral was found to be 11.20 Å before saturated with ethylene glycol and 16.00 Å after saturated with ethylene glycol. [32] The preliminary experiments revealed that when dithizone was added to a solution containing CTABmodified Bt, it was uniformly trapped on the hemimicelles or admicelles formed by the CTAB in a manner similar to clay or clay mineral modified with surfactant. [33, 34] The color of the Bt was changed from gray to dark brown. The resulting adsorbent was further characterized by FT-IR spectroscopy. The IR bands characteristic for immobilized dithizone were at 2360.28 cm −1 (C=S stretching) and 1636.78 cm −1 (C=C of aromatic rings) which further supported the loading of dithizone on CTAB-modified Bt. (The characteristic dithizone bands were at about 3391, 2360, 1624 and 1500 cm −1 ).
Optimization of Experimental Conditions for Microcolulmn Preconcentration of Silver Ions
In order to establish the best experimental conditions for adsorption and desorption of silver ions, experimental variables affecting the immobilized dithizone microcolumn preconcentration system were optimized using the univariable method. In the optimization study 30 mL of a 20 µg L −1 Ag + aqueous solution was processed and three independent experiments were carried out for each measurement.
Effect of Sample pH
The pH of sample solution was an important factor affecting the retention of analyte on the microcolumn. The influence of the sample pH on the recovery of silver was investigated in the pH range of 2−11 ( Figure 2 ). The pH was adjusted by either diluted nitric acid or sodium hydroxide.
As demonstrated in Figure 2 , the analyte retention was not dependent on sample pH in the range of 3−9. The extreme decrease in adsorption of silver at pH greater than 9 was due to the formation of silver hydroxide which precipitates in the microcolumn, while the decrease in the retention of silver at pH less than 3 was due to the protonation of Bt which resulted in the desorption of CTAB. However, in neutral and basic solutions dithizone forms complexes with various ions, but in acidic media it forms complexes only with certain metals, namely, Pt, Pd, Cu, Hg, and Ag. Thus, in order to achieve the maximum efficiency as well as selectivity for silver sorption, a pH of ≈ 3 was selected for subsequent studies.
Effect of Nature, Concentration and Volume of Eluent
The ideal eluent should elute the adsorbed metal ions without any effect on the sorbent. To choose the best eluent, some basic factors such as affinity of eluent for analyte, stability of sorbent and the recovery of silver ions were considered. Desorption of silver from the immobilized dithizone microcolumn was investigated by eluting the adsorbent with 300 µL of 10 different eluents ( Table 2 ). The use of highly acidic eluents such as 2 mol L −1 nitric and sulfuric acid can cause protonation of bentonite and consequently desorption of CTAB. The best recovery was achieved with thiourea due to the formation of complex with silver ion. The concentration and pH (Figure 3 ) of thiourea were optimized by performing desorption experiments at eluent concentrations and pH values ranging from 0.1 to 1.2 mol L −1 and from 1 to 12, respectively. As it is demonstrated, the recovery of silver reaches its highest value when the eluent pH is in the range of 3−6. In extremely acidic condi ons, the thiourea is protonated and its capability for desorption of silver from the sorbent is decreased, while in highly basic media precipitation of silver as silver hydroxide can occur. A 0.4 mol L −1 thiourea of pH = 5 turned out to be the best eluent for desorption of silver ions and it was selected for further experiments. The volume of eluent is an important factor which affects the preconcentration capability of the extraction system. A decrease in the eluent volume will increase the preconcentration factor, but it might reduce the recovery of the analyte from the adsorbent. For this purpose, the effect of different volumes of thiourea (0.4 mol L −1 , pH = 5), on desorption of silver ions from the adsorbent was examined ( Figure 4 ) and it was found that 250 µL of the eluent was sufficient for the quantitative recovery of the analyte.
Effect of Flow Rate on Adsorption and Desorption of Analyte
Sample flow rate is another important factor which affects the speed of analysis. It was necessary to select a sample flow rate that guarantees the achievement of the analyte equilibrium between the sample and the adsorbent. The effect of sample flow rate on the analyte adsorption on the microcolumn was investigated by varying the flow rate of aqueous sample from 1 to 5 mL min −1 . It was found that up to a flow rate of 3 mL min −1 the uptake of silver was constant and then decreased with further increasing the flow rate. Thus, a sample flow rate of 3 mL min −1 was selected as the optimal. The effect of eluent flow rate on the recovery of silver ions was also investigated. It was found that with 250 µL of 0.4 mol L −1 thiourea (pH = 5) at a flow rate of 2.0 mL min −1 , the quantitative elution of Ag + ions from the microcolumn can be achieved in about 10 s.
Interferences Study
The efficiency of immobilized dithizone microcolumn for preconcentration of silver ions (sample volume 30 mL, Ag + concentration 20 µg L −1 ) was examined in the presence of various foreign ions. The results are shown in Table 3 . A relative error of less than 5% was considered to be within the range of experimental error. As the results indicated, the tolerance limit for some ions forming a more stable complex with dithizone (Zn 2+ , Pb 2+ , Hg 2+ , Cu 2+ ) was lower. However, at the given foreign ion to Ag + mole ratio, they have no significant effect on the determination of trace amounts of silver. Thus, the selectivity of the method is mainly due to the high affinity of dithizone for silver ion in acidic media. The method has good selectivity for silver species relative to the matrix ions and the high concentration of foreign ions has minimal effect on the determination of the analyte.
Analytical Performance
The preconcentration capability of the microcolumn extraction system was tested by processing 0.6 µg of silver dissolved in different volumes of water (5−100 mL) according to the optimized procedure. The results showed that up to a sample volume of 90 mL, the extraction was quantitative. Thus the breakthrough volume for silver ions is 90 mL. The proposed method showed good linearity for the preconcentration of silver ions from 30 mL of standard solution over the concentration range of 0. of aqueous silver solutions prepared with and without microcolumn preconcentration, for a sample volume of 30 mL, an enrichment factor of 116 was calculated. The enrichment factor was close to the preconcentration factor (30/0.25 = 120), indicating that the uptake and elution of the analyte was quantitative. Furthermore, as the recovery of analyte was quantitative up to a sample volume of 90 mL, processing sample volumes greater than 30 mL would result in the improved sensitivity of the method. The capacity of the adsorbent was determined using the batch method. The experiment was carried out via the addition of 0.25 g (250 mg) of adsorbent to 50 mL of an aqueous solution (pH = 3) containing 10 mg of silver ions. The mixture was shaken with a mechanical shaker for 45 min and then filtered through a sintered glass funnel. The amount of silver left in the solution was determined by FAAS. The maximum mass of silver retained on the adsorbent was found to be 7.2 mg of Ag + per gram of adsorbent. Zhang and Zhang [29] reported a direct modification of Bt with dithizone and a sorbent capacity for silver ions of 19.7 mg g −1 . This difference in capacities can be related to the natural source of bentonite as well as the mechanism of immobilization of dithizone. The important benefits of the sorbent prepared in this work are the easy preparation and reusability.
At the 95% confidence level, the relative standard deviation (RSD) of seven replicate analyses of 30 mL samples with a 20.0 µg L −1 concentration of silver was 2.1%. The limits of detection and quantification were calculated as 3 and 10 standard deviations of the blank signal. Based on processing of a water sample volume of 30 mL, the silver detection and quantification limits were 0.08 and 0.25 µg L −1 , respectively.
Applications
The developed method was applied to the determination of silver ions in tap water, well water, spring water, rain, and river water. Reliability of the method was tested by spiking experiments and comparing the results with the data obtained by electrothermal atomic absorption spectrometry (ETAAS). As shown in Table 4 , the recoveries of silver from spiked water samples were quantitative. At 95% confidence level there was a satisfactory agreement between the results of the newly developed method and data obtained by ETAAS, confirming that the FI-AAS procedure was suitable for analysis of silver in sample types examined (Table 4) . Furthermore, the FI-AAS procedure was applied to the determination of silver in certified reference material BCR-288 (Lead with added impurities) containing 30.5 ± 0.5 µg g −1 Ag, 55.7 ± 1.6 µg g −1 As, 215.8 ± 2.4 µg g −1 Bi, 33.3 ± 0.9 µg g −1 Cd, 19.3 ± 0.4 µg g −1 Cu, 4.57 ± 0.11 µg g −1 Ni, 32.5 ± 0.9 µg g −1 Sb, 0.2 µg g −1 Se, 30.6 ± 1.5 µg g −1 Sn, 32.8 ± 1.3 µg g −1 Te, 2.3 ± 0.1 µg g −1 Tl, and 8.2 ± 0.4 µg g −1 Zn. The accuracy of the method was assessed by comparing the obtained data with the accepted value. The mass fraction of silver in the BCR-288 sample was found to be 29.1 ± 0.8 µg g −1 which was in good agreement with the accepted value of 30.5 ± 0.5 µg g −1 . Thus, the method was suitable for analysis of silver in this type of sample. In other words, the procedure is reliable for analysis of a wide range of samples.
Comparison of the Developed Method with other SPE-FAAS Methods
Preconcentration and determination of silver by the developed method was compared with other SPE methods reported for the separation and preconcentration of silver prior to its determination by FAAS (Table 5) . Thus, the silver enrichment factor achieved by processing the 30 mL sample volumes was higher or comparable with values achieved in other studies. With the exception of the sorbent reported by Zhang and Zhang, [29] the capacity of the sorbent prepared in this work is higher than capacities of all other sorbents listed in Table 5 . Furthermore, the detection limit of silver ions is lower than values achieved by most of the other methods. The lower detection limits reported by Rofouei et al. [35] and Zhang and Zhang, [29] were based on processing a sample volume of 1800 mL and 500 mL, respectively, whereas the sample volume in the present method was 30 mL. Nevertheless, the developed SPE is an on-line preconcentration system, whereas most of the reported SPE procedures for preconcentration of silver are off-line.
CONCLUSIONS
A new type of adsorbent based on organically modified Bt was prepared, and a simple FI-FAAS method was developed to determine trace amounts of silver in several categories of natural water. The adsorbent showed a high affinity for adsorption of silver in the presence of different matrix ions. The adsorbent is environmentally friendly, easily prepared, and it can be used in at least 10 adsorption/desorption 
